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Knockout of p47phox Uncovers a Critical Role of p40phox in
Reactive Oxygen Species Production in Microvascular
Endothelial Cells
Lampson M. Fan, Lei Teng, Jian-Mei Li
Objective—p40phox is an important regulatory subunit of NADPH oxidase, but its role in endothelial reactive oxygen
species (ROS) production remains unknown.
Methods and Results—Using coronary microvascular endothelial cells isolated from wild-type and p47phox knockout mice,
we found that knockout of p47phox increased the level of p40phox expression, whereas depletion of p40phox in wild-type
cells increased p47phox expression. In both cases, the basal ROS production (without agonist stimulation) was well
preserved. Double knockout of p40phox and p47phox dramatically reduced (65%) ROS production and cells started to
die. The transcriptional regulation of p40phox and p47phox expressions involves HBP1. p40phox was prephosphorylated
in resting cells. PMA stimulation induced p40phox swift dephosphorylation (within 1 minute) in parallel with the start
of p47phox phosphorylation. p40phox was then rephosphorylated, and this was accompanied with an increase in ROS
production. Depletion of p40phox resulted in 67% loss in agonist-induced ROS production despite the presence of
p47phox. These were further supported by experiments on mouse aortas stimulated with angiotensin II.
Conclusion—p40phox is prephosphorylated in resting endothelial cells and can compensate p47phox in keeping basal ROS
production. Dephosphorylation of p40phox is a prerequisite for agonist-induced p47phox phosphorylation, and p40phox
through its dynamic dephosphorylation and rephosphorylation is involved in the regulation of agonist-induced ROS
production. (Arterioscler Thromb Vasc Biol. 2009;29:1651-1656.)
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It has been well established that endothelial cells (ECs)express constitutively a multi-subunit NADPH oxidase
that generates a low level of O2. under basal physiological
conditions to modulate redox-sensitive intracellular signaling
pathways and to maintain normal EC function.1,2 The activity
of EC NADPH oxidase can be upregulated by agonists such
as PMA (PKC activator), TNF,3 and angiotensin II (AngII).4,5
Increased reactive oxygen species (ROS) production causes EC
dysfunction, which is involved in the pathogenesis of inflam-
mation and many cardiovascular disorders such as atheroscle-
rosis, hypertension, and diabetes.2
NADPH oxidase contains a cytochrome b558 (consisting of
1 member of the Nox family and a p22phox subunit), and at
least 4 regulatory subunits, eg, p40phox, p47phox, p67phox, and
rac1. Previous studies have shown that p47phox plays a pivotal
role in promoting agonist-induced EC NADPH oxidase acti-
vation, and knockout of p47phox severely compromises the
endothelial ROS response to AngII and TNF stimulation.4
However, the loss of p47phox did not reduce the basal (without
agonist stimulation) ROS production. On the contrary, the
basal NADPH-dependent ROS production was significantly
higher in coronary microvascular ECs (CMECs) isolated
from p47phox knockout (KO) mice compared to wild-type
(WT) controls.4–6 The mechanism involved is not clear so far.
The p40phox shares high sequence homology with the
p47phox.7,8 It contains similar SH3 domains that could interact
with proline-rich domains in p67phox,7 become phosphorylated
during NADPH oxidase activation,9–11 and is able to trans-
locate to the plasma membrane in a similar manner to
p47phox.12,13 Our hypothesis was that p40phox might compen-
sate p47phox and maintain the basal NADPH oxidase activity in
p47phox KO ECs. In this study, we investigated this hypothesis
by looking at the relationship between the levels of p40phox and
p47phox expression and ROS production in CMECs isolated
from p47phox KO and WT mice. We also examined the differ-
ences in PMA- and AngII-induced phosphorylation of p40phox
and p47phox in primary cultures of mouse CMECs as well as in
mouse aortas.
Materials and Methods
Cell Culture
CMECs were isolated from 10-week-old wild-type (WT) and
p47phox knockout (KO) mice on a 129sv background.5 All studies
were performed in accordance with protocols approved by the Home
Office under the Animals (Scientific Procedures) Act 1986 UK. Six
hearts were used for each CMEC isolation.
Gene Transfection of CMECs
The full-length human p47phox and p40phox cDNAs (kindly provided
by F. Wientjes, UCL) were subcloned with sense and antisense
orientations into a mammalian cell expression vector PcDNA3.1
(Invitrogen) and confirmed by molecular sequencing. Transfection
of CMEC was undertaken with Lipofectamine 2000 and Plus
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reagent.14 The success of transfection was examined by either
real-time PCR or Western blotting.
ROS Production
Three independent complementary methods were used for ROS
measurement. NADPH-dependent O2. production by EC homoge-
nates was assessed by lucigenin (5 mol/L)-enhanced chemilumi-
nescence.14 The ROS production by living cells was measured using
(1) DCF fluorescence visualized and quantified under confocal micros-
copy; (2) dihydroethidium fluorescence measured by flow cytometer.
In Vitro 32P Labeling
Cells were labeled with 32P-orthophosphate (100 Ci/mL) at 37°C
overnight in phosphate-free medium.3 Cells were stimulated with
PMA (100 ng/mL) and harvested for immunoprecipitation and
p40phox or p47phox phosphorylation by autoradiography.
Statistics
Data were presented as meansSD from at least 3 experimental
results taken from 3 independent cultures for each condition. Compar-
isons were made by unpaired t test, with Bonferonni correction for
multiple testing. P0.05 was considered statistically significant.
Results
Increased p40phox and p67phox Expression in
p47phox KO CMECs
The mRNA expressions of Nox1, Nox2, Nox4, p40phox,
p67phox, and NoxO1 were examined by quantitative real-time
PCR in WT and p47phox KO CMECs (90% confluence)
(Figure 1). Three Nox isoforms, Nox1, Nox2, and Nox4, were
all detected in CMECs, and their mRNA expression levels
were Nox1Nox2Nox4. Comparing to WT levels, p47phox
KO cells had significantly higher mRNA levels of Nox2
(1.290.1-fold), p40phox (2.30.3-fold), p67phox (1.50.2-
fold), and NoxO1 (1.240.1-fold), and the largest increase
was in p40phox (Figure 1A). We then examined protein levels
of the 3 major regulatory subunit, p40phox, p47phox, and p67phox,
and found that p47phox KO cells had significantly higher levels
of p40phox (1.70.5-fold) and p67phox (1.40.7-fold) compared
to WT controls (Figure 1B). These changes were accompanied
by significant increases in basal NADPH-dependent O2. pro-
duction by p47phox KO CMEC homogenates (454%) detected
by lucigenin-chemiluminescence (Figure 1C, left), and in living
adherent cells (153%) detected by DCF fluorescence in
(Figure 1C, right and supplement Figure IIA, available online at
http://atvb.ahajournals.org; all P0.05).
Changes in p47phox Expression Inversely Affected
the Expression of p40phox
We then reexpressed p47phox into p47phox KO CMECs. The
success of gene transfection was confirmed by real-time PCR
(data not shown) and the appearance of p47phox bands on
Western blot (Figure 2A). Equal loading of samples was
confirmed by reprobing of the p47phox membrane for
-tubulin. Reexpression of p47phox into p47phox KO cells
decreased (403%) the levels of p40phox expression (Figure
2A) and was accompanied by a reduction in basal O2.
production (Figure 2D; all P0.05). This observation was
further confirmed by depletion of p47phox in WT CMECs
Figure 1. Expression and activity of NADPH oxidase subunits in
WT and p47phox KO CMECs. A, Quantitative real-time PCR. B,
Western blotting. C, Left panel: NADPH-dependent lucigenin-
chemiluminescence. Right panel: DCF fluorescence. n3 separate
CMEC isolations. *P0.05 for indicated values vs WT values.
Figure 2. Genetic manipulation of p47phox expression in WT and
p47phox KO CMECs. A through C, Western blotting. D, NADPH-
dependent lucigenin-chemiluminescence. n3 separate trans-
fections of independent CMEC isolations. *P0.05 for indicated
values vs vector values.
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using a full length antisense p47phox cDNA. This technique
had proven to be very successful in our previous studies6,14
and avoided possible cross-silencing of genes that have the
high sequence similarity with p47phox and p40phox. Transient
depletion of p47phox, as confirmed by the Western blot, was
accompanied by a reciprocal increase (606%) in the p40phox
expression (Figure 2B) and a substantial increase in basal
ROS production (Figure 2D; all P0.05), which mimicked
what we observed in p47phox KO cells. However, overexpres-
sion of p47phox into WT cells had no significant effect on the
p40phox expression (Figure 2C) and ROS production (data not
shown). The p67phox expression was unchanged (Figure 2A
through 2C). The enzymatic source of ROS production in WT
CMECs after depletion of p47phox was examined using
enzyme inhibitors (supplemental Figure IIB). The ROS pro-
duction was virtually abolished in the presence of a flavopro-
tein inhibitor, diphenyleneiodonium (DPI), or a cell-
permeable O2 scavenger, tiron, and was significantly
inhibited (70%) by superoxide dismutase (SOD) or an
NADPH oxidase inhibitor (apocynin). However, the inhibi-
tors of xanthine oxidase (oxypurinol), NOS (L-NAME, N--
nitro-L-arginine methyl ester), or mitochondrial complex I
enzymes (rotenone) had no significant effect. Similar results
were obtained for p47phox KO CMECs (data not shown).
The Effects of Transient Overexpression or
Depletion of p40phox in WT Cells
Overexpression of p40phox in WT CMECs, as shown by
Western blot, had no significant effect on p47phox expression
(Figure 3A), but significantly increased (302%) the basal
ROS production detected by lucigenin-chemiluminescence in
cell homogenates and by dihydroethidium (DHE) flow cy-
tometry (right shift) in living cells (Figure 3B). In contrast,
transient depletion of p40phox expression in WT CMECs
caused a reciprocal significant increase (494%) in p47phox
protein expression (Figure 3A), which maintained the basal
ROS production without significant change compared to the
vector controls (Figure 3B). The protein levels of p67phox
were not affected (Figure 3A). Compared to vector trans-
fected controls, increased basal ROS production attributable
to overexpression of p40phox in WT cells was accompanied by
a 2211% increase in cell number and 465% increase in
proliferation (MTS assay) (Figure 3C, P0.05). However,
depletion of p40phox in WT cells did not cause significant
change in basal ROS production and in cell proliferation,
which might be attributable to the presence of p47phox.
The Effects of Transient Overexpression or
Depletion of p40phox in p47phoxKO CMECs
In p47phox KO cells that had already a higher level of p40phox
(see Figure 1), transfection of p40phox cDNA failed to further
increase the p40phox expression (Figure 3D), and there was no
significant change in basal O2. production (Figure 3E) or in
cell proliferation (Figure 3F). In contrast, depletion of p40phox
expression in p47phox KO cells (double knockout), as shown
by the Western blot (Figure 3D), resulted in a dramatic
649% reduction (P0.05) in basal O2 production by cell
homogenates and in living cells (Figure 3E). Cells stopped
proliferating and died, with the cell number dropping to
3511%, and the proliferation index (MTS assay) reduced to
277% of the vector controls (Figure 3F).
The Kinetics of PMA-Induced p40phox
Dephosphorylation and Rephosphorylation and
ROS Production
The p40phox was already prephosphorylated in resting cells
(time 0). PMA stimulation induced a swift dephosphorylation
of p40phox within the fist minute, followed by a progressive
rephosphorylation up to 30 minutes of PMA stimulation
(Figure 4A). In contrast, p47phox had very little prephosphor-
ylation in resting cells. PMA induced p47phox phosphoryla-
tion, which started in the first minute, peaked at15 minutes,
and then remained constant (Figure 4A). We then examined
the ROS production in the same cells. In WT cells, PMA
significantly increased the O2. production with a time course
curve similar to the curve of p47phox phosphorylation (Figure
4B). However, in p47phox KO cells, PMA initially reduced the
ROS production in parallel to the kinetic of p40phox dephos-
phorylation. Although the ROS production in p47phox KO
cells recovered slowly afterward, it was only 527% of the
Figure 3. Genetic manipulation of p40phox in WT (A through C)
and p47phox KO (D through F) CMECs. A and D, Western blot-
ting. B and E, ROS production. C and F, Cell viability and prolif-
eration. n3 separate transfections of independent CMEC isola-
tions. *P0.05 for indicated values vs vector values.
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WT level at 30 minutes of PMA stimulation. Depletion of
p40phox in WT cells so severely damaged PMA-induced ROS
production such that it was only 478% of the WT level at
30 minutes of PMA stimulation (Figure 4B). The relationship
between p40phox and p47phox phosphorylation in response to
PMA (30 minutes) stimulation was further examined by
immunoprecipitation of p40phox and p47phox followed by
immunoblotting using phos-serine specific antibodies. We
found that a full phosphorylation response of p40phox and
p47phox to agonist stimulation requires the presence of both
subunits. Knockout of p47phox significantly reduced (42%)
PMA (30 minutes)-induced p40phox serine-phosphorylation,
and depletion of p40phox also severely compromised (50%)
PMA-induced p47phox serine-phosphorylation (Figure 4C).
Effects of Acute Ang II Treatment on Aortas
Isolated From WT and p47phox KO Mice
Compared to WT controls, aortas from p47phox KO mice had
higher levels of p40phox expression (Figure 4D, upper panels)
and ROS production (Figure 4E) and reduced endothelium-
dependent vessel relaxation to acetylcholine (Ach; Figure 4F,
left). Acute Ang II (200 nmol/L, 30 minutes) treatment of WT
vessels increased p40phox serine phosphorylation (Figure 4D,
lower) and the ROS production (Figure 4E), and these were
accompanied by a reduced endothelium-dependent vessel
relaxation (Figure 4F, right). However, these Ang II effects
were absent in p47phox KO vessels.
The Roles of Transcription Factor HBP1 in the
Regulation of p40phox and p47phox Expression
Compared to WT cells, the levels of HBP1 (HMG box-
containing protein 1) were significantly higher (2.3 folds)
in p47phox KO cells (Figure 5A, left), and were significantly
lower in p40phox depleted WT CMECs (Figure 5A, right). The
role of HBP1 in the transcriptional regulation of p40phox and
p47phox expression was further examined by transient in vitro
knockdown of HBP1 using shRNA15 in human microvascular
ECs (HMEC1). Knockdown of HBP1, as shown by the
Western blot, resulted in a significant increase in p47phox
expression and this was accompanied with a significant
reduction in p40phox expression (Figure 5B)
Discussion
The Relationship Between the Levels of p40phox
and p47phox Expressions in ECs
NADPH oxidase contains at least 4 major regulatory sub-
units: p40phox, p47phox, p67phox, and rac. The canonical view
Figure 4. Agonist-induced p40phox and p47phox phosphorylation
and vessel function. A, PMA time course. B, ROS production. C,
PMA (30 minutes)-induced p40phox and p47phox serine-phos-
phorylation. D, p40phox expression and phosphorylation in WT
and p47phoxKO aortas. E, ROS production. F, Endothelium-
dependent vessel relaxation to Ach. *P0.05 for KO values vs
WT values. †P0.05 for Ang II values vs control values in WT.
Figure 5. HBP1 regulation of p40phox and p47phox
expression and p40phox regulation of EC ROS pro-
duction. A, HBP1 expression. B, Effects of HBP1
shRNA. *P0.05 for indicated values vs WT or
vector values. C, Schematic diagram of the pro-
posed concept of p40phox regulation of Nox2
activity through its dynamic phosphorylation.
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of the NADPH oxidase activation is that it requires the
association of all essential regulatory subunits, ie, p47phox,
p67phox, and Rac1 with cytochrome b558.16 However, this
view has been changed by reports that in a cell-free system,
NADPH oxidase could be activated in the total absence of
p47phox if high concentrations of p67phox and rac were
present, albeit at a lower maximal rate than in the presence of
p47phox.17,18 Previously, we have also shown that p47phox KO
CMECs had a slightly but significantly higher basal NADPH-
dependent O2 production, but the underlying mechanisms
were not clear at that time.6 Here we report that the levels of
p40phox and p67phox are indeed elevated at both mRNA and
protein levels in p47phox KO CMECs.
It is known that p40phox has high sequence homology with
p47phox.7 Based on molecular similarity, it seemed possible
for p40phox to replace p47phox and to maintain the basal O2
production in p47phox KO ECs. This hypothesis was con-
firmed by gene transfection experiments showing that in vitro
depletion of p47phox in WT CMECs increased p40phox expres-
sion and the basal ROS production, whereas reexpression of
p47phox into p47phox KO CMECs reduced p40phox expression,
which decreased the basal ROS production back to the WT
level. The physiological significance of our findings is not only
to ascribe a molecular consequence to the loss of p47phox, but
also to define an important compensatory mechanism involved
in the regulation of NADPH oxidase activity in ECs.
The Role of p40phox in EC Basal ROS Production
and Cell Proliferation
p40phox was originally discovered in the complex copurified
and coimmunoprecipitated down with p47phox and p67phox.19
Despite extensive studies describing the interaction of p40phox
with p67phox and p47phox in cell-free assays,13,16,19,20 the role
of p40phox in living cells has not been well defined. Paradox-
ically there are virtually as many reports on an inhibitory
role20,21 as on an activating role9,10 of p40phox on NADPH
oxidase activation. Our current study, using a series of
experiments of in vitro overexpression or depletion of
p40phox, provides evidences that p40phox is critically involved
in the regulation of EC basal ROS production required for EC
growth. Overexpression of p40phox in WT CMECs increased
basal levels of ROS production, which was accompanied by
an increase in cell proliferation. However, depletion of
p40phox in WT ECs had no significant effect on both basal
levels of ROS production and cell proliferation, presumably
because of the compensatory effect from increased p47phox
expression. Double knockout of both subunits ie, depletion of
p40phox in p47phox KO ECs caused a massive drop in basal
ROS production, which was accompanied by cell prolifera-
tion arrest and cell death. Different from Nox2, Nox4 does
not exhibit a binding site for p47phox, and the known
regulatory subunits are not required for its activity.22 Al-
though Nox4 has been found to be involved in mediating
insulin-induced cell differentiation in preadipocytes,23 its
levels were not affected by the p47phox knockout. The mRNA
of a newly discovered homologue of p47phox, NoxO1,24 was
also detected in CMECs and was slightly increased in p47phox
KO ECs. However, its expression levels were very low com-
pared to the levels of p40phox, and it was not able to compensate
the loss of p47phox. Put together, our results strongly suggest that
as long as 1 subunit, p40phox or p47phox, is present in ECs, that
is enough to maintain the basal ROS production from NADPH
oxidase and to keep ECs alive and proliferating. However, the
loss of both p40phox and p47phox severely compromises the basal
ROS production and EC survival.
Dynamic Phosphorylation and Dephosphorylation
of p40phox in ECs
An important discovery from the current study is the prephos-
phorylation of p40phox in resting ECs, and the dynamic
dephosphorylation and rephosphorylation of p40phox during
PMA stimulation. Interestingly, one recent study reported
that p40phox was also in a basal phosphorylated state in resting
neutrophils and undergoes further phosphorylation on multi-
ple sites by PKC stimulation. They found in a cell-free assay
that both phosphorylated and nonphosphorylated p40phox
were able to interact with p47phox and p67phox, but only
phosphorylated p40phox inhibited NADPH oxidase activation
if added before full activation of the enzyme.21 Based on this
previous report and our experimental results, we suggest that
prephosphorylated p40phox interacts with unphosphorylated
p47phox in resting ECs to keep the NADPH oxidase activity at
low but optimized basal levels.
PMA is often used to bypass cell surface receptors and
directly causes PKC-dependent phosphorylation of p47phox.
Interestingly, p40phox has also been shown to be phosphory-
lated by PKC at its serines.11 In the present study, we have
extended this knowledge by showing a rapid dephosphoryla-
tion followed by a progressive rephosphorylation of p40phox
when ECs were stimulated with PMA. The biphasic phos-
phorylation of p40phox has never been reported, and this may
contribute to the complexity of its roles in NADPH oxidase
activation and the discrepancy between previous stud-
ies.9,10,20,21 Although the mechanisms of p40phox in EC Nox2
regulation requires further investigation, our hypothesis (Fig-
ure 5C) is that prephosphorylated p40phox inhibits p47phox
phosphorylation. Agonist stimulation induces a rapid p40phox
dephosphorylation which allows p47phox phosphorylation to
occur and to bind to p22phox. However, once the p47phox is
phosphorylated, rephosphorylation of p40phox (maybe at dif-
ferent sites) synergizes the action of phosphorylated p47phox
to further promote EC ROS production. The optimal NADPH
oxidase response to agonist stimulation requires the presence
of both p47phox and p40phox, and either depletion of p40phox or
knockout of p47phox severely compromises agonist-induced
O2. production. The pathophysiological significance of
p40phox in the regulation of vascular ROS production and
endothelial function was further demonstrated by experi-
ments on WT and p47phox KO aortic vessels stimulated with
or without Ang II. In p47phox KO vessels, acute Ang II
stimulation failed to induce p40phox phosphorylation, and
there was no increase in O2. production and the endotheli-
um-dependent vessel relaxation to Ach was well preserved as
compared to WT controls. Superoxide anions are dismutated
to H2O2. Recently, endothelial H2O2 production and H2O2-
mediated hyperpolarization response to Ach have been found
to be closely coupled to nitric oxide synthases (NOSs)
Fan et al p40phox Regulation of Endothelial ROS Production 1655
 by JIAN-MEI LI on September 17, 2009 atvb.ahajournals.orgDownloaded from 
system.25 The potential relationship between p40phox and
NOSs system requires further investigation.
The HBP1 is a member of the HMG box family transcrip-
tional factors26 and has been found to play a role in transcrip-
tional repression of p47phox gene.27 The promoter of p47phox
gene contains 6 adjacent tandem high-affinity HBP1 binding
sites, which are required for the transcriptional repression.27
HBP1 has also been reported to enhance promoter activity of
genes with lower affinity or a single HBP1 binding site.28,29
Interestingly, the promoter region of p40phox has also a HBP1
binding site, which makes p40phox a possible candidate for
HBP1 to activate.27 We propose that HBP1 may play a dual
roles (ie, to repress p47phox and in the mean time to promote
p40phox) and to regulate ROS production by NADPH oxidase.
This hypothesis is supported by our results that knockdown of
HBP1 significantly increased the p47phox expression and
reduced p40phox expression. There is also a feedback mecha-
nism from p47phox to HBP1 because knockout of p47phox
remarkably increased HBP1 expression. Although HBP1 may
represent a transcriptional mechanism involved in the regulation
of ROS production by NADPH oxidase in ECs, more detailed
investigations are required to fully address this question.
In summary, we have reported, for the first time, a critical
role of p40phox in the regulation of basal and agonist-induced
ROS production by NADPH oxidase in ECs. The p40phox is
prephosphorylated in resting ECs and plays an inhibitory role
to keep the basal ROS production, and is able to substitute for
p47phox in p47phox KO ECs. p40phox undergoes rapid dephos-
phorylation and then rephosphorylation when ECs are stimu-
lated with PMA, and the biphasic phosphorylation of p40phox is
involved in the regulation of NADPH oxidase activity. Deple-
tion of p40phox resulted in a loss in agonist-induced EC ROS
production despite the presence of p47phox. Inhibition of p40phox
phosphorylation may have a potential therapeutic application in
treating EC dysfunction-related diseases.
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SUPPLEMENT MATERIAL 
Materials and Methods 
Reagents 
Lipofectamine 2000 and PlusTM reagent were purchased from Invitrogen. Human 
recombinant TNFα was from Roche Applied Sciences. Affinity-purified rabbit polyclonal 
antibodies to p40phox, and p22phox were kindly provided by Dr F Wientjes (University College 
London, UK). Rabbit and goat polyclonal antibodies to NADPH oxidase subunits p47phox, 
p67phox and HBP1 were purchased from Santa Cruz. Monoclonal antibody to p40phox was from 
Upstate Biotechnology. 32P–orthophosphate was purchased from Amersham Biosciences, and 
phosphate-free DMEM was from ICN. Bisindolymaleimide (Bis) was from Calbiochem. 5-(and 
6)-chloromethyl-2’,7’-dichlorodrofluorescein diacetate (DCF) from Molecular Probes, and other 
reagents were from Sigma except where specified. 
Cell culture  
Wild-type (WT) and p47phox knockout (KO) mice on a 129sv background were obtained 
through the European Mouse Mutant Archive (EMMA) system. All studies were performed in 
accordance with protocols approved by the Home Office under the Animals (Scientific 
Procedures) Act 1986 UK. CMEC were isolated from the hearts of 10 week old p47phox KO and 
WT mice and cultured in the CMEC medium exactly as described previously1. Six hearts were 
used for each CMEC isolation. CMEC were used at passage 2. Human dermal microvascular EC 
(HMEC-1) were obtained from the Center for Disease Control and Prevention (Atlanta, GA.)2. 
Quantitative real-time PCR 
This was performed exactly as described previously3. Mouse primers used were: Nox1 
(F) CATCCAGTCTCCAAACATGACA and (R) GCTACAGTGGCAATCACTCCAG; Nox2: (F) 
ACTCCTTGGGTCAGCACTGG and (R) GTTCCTGTCCAGTTGTCTTCG; Nox4: (F) 
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TGAACTACAGTGAAGATTTCCTTGAAC and (R) GACACCCGTCAGACCAGGAA; 
p40phox (F) TCAGCCAACATCGCTGACA and (R) TTGACCTCGATGACAAAAACAAA; 
p47phox (F) CCACACCTGCTGGACTTCTT and (R) ATCTTTGGGCACCAGGTATG; p67phox 
(F)AAGCTGTTTGCCTGTGAGGT and (R) CTTCATGTTGGTTGCCAATG; NoxO1 (F) 
TGAGTGCCATCCAGAGTCGAT and (R) AACCCGAGTCCCTTGTTCCT; β-actin (F) 
CGTGAAAAGATGACCCAGATCA and (R) TGGTACGACCAGAGGCATACAG. Each PCR was 
performed in duplicate and repeated with at least 3 separate CMEC isolations.  PCR products of 
each gene had been sequenced. The expression levels were standardized by 2 housekeeping 
genes, GAPDH and β-actin, and the final results were expressed as molar/molar ratio (mean ± 
SD) to β-actin.  
Gene transfection of CMEC 
The full-length human p47phox and p40phox cDNAs (kindly provided by F Wientjes, UCL, 
UK) were subcloned with sense and antisense orientations into a mammalian cell expression 
vector PcDNA3.1 (Invitrogen). Inserted cDNA orientation was confirmed by molecular 
sequencing. The control vector and HBP1 short hairpin RNA (shRNA) (#213 construct) 
plasmids constructed in the pSuper-retro background exactly as described previously4 were kind 
gifts from Dr A.S. Yee (Tufts University School of Medicine, Boston). Transfection of CMEC 
was undertaken with Lipofectamine 2000 and PlusTM reagent in serum-free DMEM, with ~65-
75% transfection efficiency as described previously3. Cells were harvested after 48 hours of 
transfection, and the success of transfection was examined by either real-time PCR or western 
blotting. 
Measurement of ROS production  
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NADPH-dependent O2.- production by EC homogenates was assessed by lucigenin (5 
μmol/L)-enhanced chemiluminescence (BMG Lumistar, Germany). The specificity of the assay 
for O2.- detection was confirmed by adding superoxide dismutase (200 units/mL) or tiron (5 
mmol/L), a non-enzymatic scavenger of O2.-. Potential enzymatic sources of O2- production were 
also investigated by using following inhibitors: apocynin (10 µM), N-ω-nitro-L-arginine methyl 
ester (L-NAME, 100 μM), rotenone (50 μM), oxypurinol (100 μM) or diphenyleneiodonium 
(DPI, 20 μM). Data were expressed as mean light units (MLU)/per mg protein and the final 
results were shown as the mean±SD from at least 3 separate cell cultures. The ROS production 
by living cells was measured using 2 independent methods: (1) DCF (5 μmol/L) fluorescence for 
adherent EC, which was visualized under confocal microscopy and quantified; (2) 
dihydroethidium (2 µmol/L) fluorescence for suspended cells detached by trypsin (10,000 
cells/per sample), which was measured immediately by a FACScalibur flow cytometer (Becton 
Dickinson).  
Cell proliferation 
  Cell proliferation was examined by counting living cell numbers using trypan-blue 
exclusion and by a non-radioactive cell proliferation assay (MTS) according to the 
manufacturer's instruction (Promega, UK Ltd.). Experiments were done in triplicate and repeated 
at least 3 time using independent cell cultures.  The MTS results were read at 490nm and 
expressed as proliferation index (mean±SD).   
In vitro 32P labeling 
 Cells were labeled with 32P-orthophosphate (100 μCi/mL) at 37oC overnight in 
phosphate-free 10% FCS/DMEM exactly as described previously5. For the PMA experiments, 
cells were detached by trypsin and resuspended (1x106/mL) in Hanks Balanced Salt Solution 
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(HBSS) supplemented with MgCl2 0.8 mmol/L, CaCl2 1.8 mmol/L with or without PMA (100 
ng/mL). For the experiment involving TNFα stimulation, adherent cells were incubated in HBSS 
with or without TNFα (100 U/mL) for the indicated period. Cells were scraped into ice-cold 
mild-lysis buffer as described previously5, snap-frozen in liquid nitrogen and lysed by 
sonication. Whole cell lysate with a protein concentration of 250 μg/sample was used for 
immunoprecipitation. 
Immunoprecipitation and immunoblotting  
 These were performed exactly as described previously5. The protein extract from human 
phagocytic U937 cells after stimulation with PMA was used as a positive control for the 
detection of NADPH oxidase subunits. For straightforward immunoblotting, equal amount of 
total protein was loaded in each lane and the α-tubulin detected in the same sample was used as a 
loading control. For immunoprecipitation (IP) followed by immunoblotting (IB) using phos-
serine specific monoclonal antibody, the amount of IP products loaded in each lane was 
calculated according to the results from pilot experiments and the equal level of total p40phox or 
p47phox was used as loading controls. 
Immunofluorescence confocal microscopy 
Cell preparation and confocal microscopy were performed as described previously5. 
Specific binding was detected by extravidin-FITC (green) or streptavidin-Cy3 (red). Normal 
rabbit or goat IgG (5 µg/ml) was used instead of primary antibody as a negative control. Images 
were acquired on a Zeiss LS510 confocal microscopy system.  
Vascular ring experiments 
These experiments were performed as described previously1. Thoracic aortic rings from 
WT and p47phox KO mice (n=6 mice/group) were incubated at 37°C in serum-free medium 199 
with or without AngII (200 nM) for 30 min. Half of the vessels were homogenized for the 
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measurement of ROS production by lucigenin-chemiluminescence, and p40phox expression and 
serine-phosphorylation. The rest of the aortic rings were then suspended in organ baths (37°C) 
gassed with 95% O2/5% CO2 containing Krebs-Henseleit solution (in mmol/L: NaCl 119, KCl 
4.7, KH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, NaHCO3 25, glucose 11.1, pH 7.4). Vessels were 
progressively stretched to the optimal resting tension (3g) that produced a maximal response to 
40 mmol/L KCl. Relaxation to acetylcholine (Ach, 0.001-10 μmol/L) was tested in rings 
preconstricted to 70% of their maximal phenylephrine-induced tension. 
Statistics  
Data were presented as means±SD from at least 3 experimental results taken from 3 
independent cell cultures for each condition. In the case of CMEC, each isolation used 6 
mice/per group, and the data presented were the mean from at least 3 isolations. Comparisons 
were made by unpaired t-test, with Bonferonni correction for multiple testing. P<0.05 was 
considered statistically significant.  
 
References: 
 
 1.  Li J-M, Wheatcroft S, Fan LM, Kearney MT, Shah AM. Opposing roles of p47phox in basal 
versus angiotensin II-stimulated alterations in vascular O2- production, vascular tone, and 
mitogen-activated protein kinase activation. Circulation 2004;109:1307-1313. 
 2.  Ades EW, Candal FJ, Swerlick RAGVG, Summers S, Bosse DC, Lawley TJ. HMEC-1: 
Establishment of an immortalized human microvascular endothelial cell line. J Invest 
Dermatol 1992;99:683-690. 
 3.  Li J-M, Fan LM, George VT, Brooks G. Nox2 regulates endothelial cell cycle arrest and 
apoptosis via p21cip1 and p53. Free Radic Biol Med 2007;43:976-986. 
 4.  Zhang X, Kim J, Ruthazer R, McDevitt MA, Wazer DE, Paulson KE, Yee AS. The HBP1 
transcriptional repressor participates in RAS-induced premature senescence. Mol Cell Biol 
2006;26:8252-8266. 
 5.  Li J-M, Fan LM, Christie MR, Shah AM. Acute tumor necrosis factor alpha signaling via 
NADPH oxidase in microvascular endothelial cells: Role of p47phox phosphorylation and 
binding to TRAF4. Mol Cell Biol 2005;25:2320-2330. 
 5
 by JIAN-MEI LI on September 17, 2009 atvb.ahajournals.orgDownloaded from 
Detailed Figure Legends 
 
Figure 1. Expression and activity of NADPH oxidase subunits in WT and p47phox KO CMEC. 
WT: wild-type; KO: p47phox knockout. A) Quantitative real-time PCR. The mRNA levels of Nox1, 
Nox2, Nox4, p40phox, NoxO1 and p67phox were normalized to the levels of β-actin detected in the 
same samples and expressed as molar/molar ratio to β-actin. B) Western blotting. For 
quantification, specific protein bands were normalized to α-tubulin detected in the same samples 
and expressed as arbitrary units. C) ROS production. Right panel: NADPH-dependent lucigenin-
chemiluminescence. MLU: mean light units. Left panel: DCF fluorescence detection of ROS 
production in adherent CMEC (for quantification see supplement Figure IIA). n=3 separate 
CMEC isolations. *p<0.05 for KO values versus WT values. 
Figure 2. Genetic manipulation of p47phox expression in WT and p47phox KO CMEC. WT: wild-
type; KO: p47phox knockout; vec: Vector controls. A-C) Western blotting. For quantification, 
specific protein bands were normalized to α-tubulin detected in the same samples and expressed as 
arbitrary units. D) NADPH-dependent lucigenin-chemiluminescence. n=3 separate transfections of 
independent CMEC isolations. *P<0.05 for indicated values versus vector control values.  
Figure 3. Genetic manipulation of p40phox in CMEC. WT: wild-type (A-C); KO: p47phox knockout 
(D-F); vec: Vector controls. p40over: overexpression of p40phox; p40depl: depletion of p40phox. A) 
and D): Western blotting. For quantification, specific protein bands were normalized to α-tubulin 
detected in the same samples and expressed as arbitrary units. B) and E): ROS production detected 
in cell homogenates by NADPH-dependent lucigenin-chemiluminescence (left panel) and in living 
cells by DHE flow cytometry (right panel). C) and F) Cell viability and proliferation detected by 
counting living cell numbers and expressed as % of vector controls (left panel) and MTS cell 
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proliferation assay expressed as proliferation index (right panel). n=3 separate transfections of 
independent CMEC isolations. *P<0.05 for indicated values versus vector control values.  
Figure 4. Agonist-induced p40phox and p47phox phosphorylation and ROS production.: CMEC (A-
C); Aortic rings (D-F). WT: wild-type; KO: p47phox knockout; vec: Vector controls. p40depl: 
depletion of p40phox. P-p40: phosphorylated p40phox; T-p40: Total p40phox. For the detection of 
phosphorylation, p40phox or p47phox were immunoprecipitated down and the loading control of IP 
products was calculated to the equal levels of total p40phox or p47phox in different samples. The 
phosphorylations of p40phox or p47phox were detected by 32P autoradiography (A) or immunoblot 
using phos-serine specific monoclonal antibody (B and D lower panel). Total p40phox or p47phox 
were detected by immunoblot. For quantification, the levels of phosphorylation bands were 
normalized to the bands of the total protein detected in the same sample. A) Time course of PMA 
stimulation. B) Time course of PMA-induced NADPH-dependent ROS production detected by 
lucigenin-chemiluminescence. C) Differences in serine phosphorylation after 30 min. of PMA 
stimulation. n=3 separate experiments (A-C). D) Upper panel: Immunoblot for the difference in 
p40phox expression between aortas isolated from WT and p47phox KO mice. Lower panel: 
Differences in Ang II-induced p40phox serine phosphorylation between WT and p47phox KO aortas. 
E) Differences in NADPH-dependent ROS production between WT and p47phox KO aortas 
stimulated with or without Ang II. The results were expressed as mean light units (MLU) per mg 
protein. F) Endothelial-dependent vessel relaxation to acetylcholine (Ach) with or without Ang II 
stimulation. n=6 mice (D-F). *P<0.05 for indicated values versus WT values or vector values. 
†P<0.05 for indicated values versus values without AngII in WT group. 
Figure 5. The role of HBP1 in the regulation of p40phox and p47phox expression and p40phox 
regulation of EC ROS production. WT: wild-type; KO: p47phox knockout; vec: Vector controls. 
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p40depl: depletion of p40phox. A) HBP1 expression in CMEC. For quantification, HBP1 bands 
were normalized to α-tubulin detected in the same samples and expressed as arbitrary units. B) 
The effect of knockdown HBP1 on the levels of p40phox and p47phox expression in HMEC1. 
*P<0.05 for indicated values versus WT value or vector values of the same protein. n=3 
independent experiments. C) Schematic diagram of the proposed concept of p40phox regulation of 
NADPH oxidase activity through its dynamic phosphorylation. Pre-phosphorylated p40phox 
contributes to the basal ROS production and inhibits p47phox phosphorylation. PMA stimulation 
causes p40phox dephosphorylation, which allows p47phox phosphorylation to happen. Once the 
p47phox is phosphorylated, the rephosphorylation of p40phox synergizes p47phox effects and results 
in the full activation of NADPH oxidase. 
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Figure I: Representative examples for the mRNA expression of p40phox, 
p47phox and p67phox in WT and p47phoxKO CMEC.
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Figure II: ROS production
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A) Differences in ROS production between WT and p47phoxKO CMEC 
detected by DCF fluorescence. Results were the mean±SD of all cells 
cultured onto 9 chamber slides of 3 separate CMEC isolations of each group 
(Supplement of Figure 1C right panel). *p<0.05 compared to WT values. B) 
The effects of inhibitors on NADPH-dependent O2.- production by WT CMEC 
after p47phox depletion detected by lucigenin-chemiluminescence
(Supplement of Figure 2D). n=3 separate CMEC isolations. *p<0.05 for 
indicated values versus the values of p47phox depletion (WT). 
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Figure III: Western blot for the overexpression of p40phox in WT CMEC
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For quantification, specific p40phox protein bands were normalized to α-tubulin
detected in the same samples and expressed as arbitrary units. n=3 separate 
transfections of 3 independent CMEC isolations. *<0.05 for indicated values versus 
vector values.
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